Abbreviations
=============

AML

:   acute myeloid leukemia

APL

:   acute promyelocytic leukemia

Ar

:   ATRA regulation

ATRA

:   *all-trans* retinoic acid

DMSO

:   dimethyl sulfoxide

Em

:   EVI1 modulation

Er

:   EVI1 regulation

FBS

:   fetal bovine serum

FC

:   fold change

FDR

:   false discovery rate

GFP

:   green fluorescent protein

mco*Evi1*

:   murine codon optimized *Evi1*

MDS

:   myelodysplastic syndrome

PSG

:   penicillin streptomycin glutamine

RAR

:   retinoic acid receptor

RARE

:   retinoic acid response element

SE

:   standard error

Introduction {#s0001}
============

The *e*cotropic *v*irus *i*ntegration site 1 (*EVI1*) gene, originally identified because its activation through retroviral integration caused leukemia in a mouse model system,[@cit0001] is aberrantly expressed in approximately 10% of patients with acute myeloid leukemia (AML).[@cit0002] *EVI1* overexpression has also been observed in variable proportions of patients with myelodysplastic syndromes (MDS),[@cit0006] chronic myeloid leukemia (CML),[@cit0009] acute lymphoblastic leukemia (ALL),[@cit0012] and certain epithelial tumors.[@cit0013] An association between elevated EVI1 mRNA levels and poor prognosis is particularly well documented for AML,[@cit0002] but has also been reported for other malignancies.[@cit0008] Corroborating its role as an oncogene capable of initiating malignant transformation, in a human gene therapy trial for chronic granulomatous disease clones with activating integrations of the therapeutic vector into the *EVI1* locus expanded preferentially, followed by evolution into MDS and, ultimately, AML.[@cit0019] Analogously, experimental expression of *Evi1* effected development of an MDS like disease,[@cit0020] and coexpression with other oncogenes such as *HoxA9* + *Meis1* or *AML1^D171N^* caused AML[@cit0021] in murine bone marrow transplantation models. *In vitro*, *EVI1* stimulated cell proliferation and inhibited differentiation and apoptosis in some experimental models,[@cit0012] but elicited the opposite effects in others.[@cit0020] This suggests that the fate of *EVI1* overexpressing cells is influenced by lineage, maturation stage, cooperating molecular events, and/or environmental stimuli, and raises the possibility that it may be amenable to pharmacological modulation.

EVI1 is a nuclear zinc finger protein that is assumed to exert its biological effects predominantly by regulating gene transcription. Indeed, a number of direct EVI1 target genes have been reported.[@cit0026] In addition, EVI1 interacted with other transcription factors, e.g. GATA1,[@cit0044] RUNX1/AML1,[@cit0045] PU.1,[@cit0046] and SMAD3,[@cit0047] to modulate their effects. Our own previous studies have shown that EVI1 enhanced or decreased transcriptional regulation by *all-trans* retinoic acid (ATRA) in a promoter specific manner.[@cit0050]

Retinoic acid is the biologically active metabolite of vitamin A and plays a crucial role during many developmental processes.[@cit0051] It operates by binding to and regulating the activity of a nuclear receptor that is composed of a retinoic acid receptor (RAR) and a retinoid X receptor (RXR) subunit, each of which is encoded by 3 paralogous genes, α, β, and γ.[@cit0053] The RAR/RXR heterodimer binds to its canonical DNA response elements both in the absence and presence of ligand, but changes its conformation from a corepressor binding to a coactivator binding, and therefore from a transcription repressing to an activating, state upon interaction with retinoic acid.[@cit0053] Interestingly, the *RAR*β gene itself is strongly induced by ATRA through direct binding of RAR/RXR to a retinoic acid response element (RARE) in its promoter.[@cit0055]

In the context of hematopoiesis, ATRA promoted the formation of haematopoietic stem cells (HSCs) from the hemogenic endothelium.[@cit0056] It enhanced the proliferation and *in vivo* long term repopulation ability of primitive haematopoietic precursor cells, but inhibited the proliferation and advanced the differentiation of more committed progenitor cells.[@cit0057] The well documented differentiation promoting properties of ATRA have been put to therapeutic use in the context of acute promyelocytic leukemia (APL), a subtype of AML characterized by the presence of RARα fusion proteins with reduced sensitivity to ATRA.[@cit0060] Combined treatment with superphysiological doses of ATRA and conventional chemotherapeutic drugs or arsenic trioxide has greatly improved the outcome of patients with this disease.[@cit0060] In contrast, in non-APL AML no clear value for the addition of ATRA has so far been demonstrated.[@cit0061] Nevertheless, because dosing and scheduling may require adaptation, a potential beneficial effect of ATRA in non-APL AML is still under active investigation.

Our own previous studies have shown that *EVI1* was not only regulated by ATRA through direct binding of the retinoic acid receptor heterodimer to a canonical RARE located in the most 5\' one of several alternative first exons,[@cit0050] but that EVI1 in turn modulated ATRA regulated transcription: it counteracted its own induction by ATRA in a negative feedback loop, but augmented the ATRA induction of the *RARβ* gene.[@cit0050] Based on these findings, we now asked whether EVI1 would modulate the regulation by ATRA of a larger number of genes, and whether it would also impact on biological responses to ATRA.

Results {#s0002}
=======

EVI1 modulates transcriptional regulation by ATRA of a substantial number of genes in human myeloid cells {#s0002-0001}
---------------------------------------------------------------------------------------------------------

We have previously established a human myeloid cell line, U937_EVI1, which constitutively expresses ectopic EVI1 at levels comparable to those effected by a rearrangement of its gene locus in chromosome band 3q26.[@cit0030] To address the question whether EVI1 would modulate the ATRA responses not only of its own and the *RAR*β, but of a larger number of genes, RNA was extracted from 3 independent replicate cultures of U937_EVI1 and control U937_vec cells treated with 1 μM ATRA or an equivalent amount of its solvent DMSO for 24 h. Gene expression microarray analysis revealed that 453 genes were induced and 240 repressed by ATRA, and 44 genes were up- and 67 down-regulated by EVI1 at a false discovery rate (FDR)[@cit0063] of 0.05 ([**Fig 1A, B**](#f0001){ref-type="fig"}; **Tables S1A, B**). Genes were considered to exhibit an EVI1 modulated ATRA response if they fulfilled the following stringent criteria: the factor by which EVI1 significantly altered their expression in the presence of ATRA was equal to or greater than 2, *and* equal to or greater than the square of the factor by which EVI1 changed their mRNA levels in the absence of ATRA (see Materials and Methods for details). Dependent on whether genes were induced or repressed by ATRA, and whether EVI1 enhanced or counteracted this regulation, 4 categories were defined: category 1 comprised genes whose induction by ATRA was enhanced by EVI1; category 2, genes whose repression by ATRA was counteracted by EVI1; category 3, genes whose induction by ATRA was counteracted by EVI1; and category 4, genes whose repression by ATRA was enhanced by EVI1. 113, 3, 2, and 6 genes, respectively, fulfilled the definitions for inclusion into these categories ([**Fig. 1C**](#f0002){ref-type="fig"}), indicating i) that the ATRA response of a substantial number of genes was modulated by EVI1, and ii) that enhancement of the ATRA response by EVI1 was far more common than its inhibition (119 versus 5 genes, respectively). Figure 1.EVI1 and ATRA regulate gene expression both in an independent and a cooperative manner in human myeloid cells. (**A**) Numbers of genes significantly up- or down-regulated in response to ATRA in U937_vec cells, HL-60_vec cells, or both. (**B**) Numbers of genes significantly up- or downregulated in U937_EVI1 vs. U937_vec cells and in HL-60_Evi1 versus HL-60_vec cells. (**C**) Heatmap representing the expression (z-score) of genes whose induction by ATRA was enhanced by, or observed only in the presence of, EVI1 (category 1, CAT 1), whose repression by ATRA was counteracted by EVI1 (category 2, CAT 2), whose induction by ATRA was counteracted by EVI1 (category 3, CAT 3), and whose repression by ATRA was enhanced by, or observed only in the presence of, EVI1 (category 4, CAT 4) in U937 cells. Figure 2.Evi1 and ATRA cooperatively regulate gene expression in HL-60 cells. (**A**) Immunoblot analysis demonstrating expression of ectopic Evi1 in HL-60_Evi1 cells. (**B**) Intranuclear staining and flow cytometry showing expression of ectopic Evi1 in HL-60_Evi1 cells on the single cell level. Red, EVI1 antibody; gray, isotype control. (**C**) Heatmap representing the expression (z-score) of genes whose induction by ATRA was enhanced by, or observed only in the presence of, Evi1 (category 1, CAT1) in HL-60 cells. In this model system, no genes fulfilled the criteria for inclusion into categories 2-4.

To confirm these findings in an independent experimental system, another human myeloid cell line, HL-60, was used. Like U937, HL-60 cells express low to undetectable levels of *EVI1* both in the absence and presence of ATRA (data not shown). Transduction with pBMN-mcoEvi1-IRES-GFP (containing a codon optimized version of the murine *Evi1* gene, whose gene product exhibits 96% sequence homology to human EVI1) effected constitutive expression of Evi1 as determined by immunoblot analysis ([**Fig. 2A**](#f0002){ref-type="fig"}) and flow cytometry after intranuclear protein staining ([**Fig. 2B**](#f0002){ref-type="fig"}). For genome wide gene expression analysis, HL-60_Evi1 and HL-60_vec cells were treated with ATRA or solvent and used for microarray experiments as described above. At an FDR of 0.05, ATRA up-regulated 1997 and downregulated 2285 genes, of which 325 and 154, respectively, were regulated in the same direction as in U937_vec cells ([**Fig. 1A**](#f0001){ref-type="fig"}; **Tables S1C, E**). Surprisingly, Evi1 induced only one gene at an FDR of 0.05 ([**Fig. 1B**](#f0001){ref-type="fig"}; **Table S1D**), possibly due to lower Evi1 expression levels in this system as compared to the U937 based model. Most importantly with respect to the subject of this study, microarray analysis of the HL-60 derivative cell lines uncovered 33 genes that exhibited an Evi1 modulated ATRA response according to the definition explicated above ([**Fig. 2C**](#f0002){ref-type="fig"}). All of these genes were classified into category 1, i.e., their induction by ATRA was enhanced by Evi1, and 10 of them---*AGPAT9*, *APOBEC3G*, *BPI*, *CCRL2*, *EGR3*, *GDF15*, *IL1B*, *LILRB2*, *P2RY13*, and *TGM2*---were regulated in the same manner in both U937 and HL-60 cells, as also confirmed by qRT-PCR ([**Fig. 3**](#f0003){ref-type="fig"}, **Fig. S1**). Figure 3.qRT-PCR confirms cooperative gene regulation by EVI1 and ATRA in U937 cells. RNA from U937_vec and U937_EVI1 cells that had been treated with solvent or ATRA for 24 h was reverse transcribed and subjected to qRT-PCR for the indicated genes. Gene expression relative to the housekeeping gene *B2M* and to solvent treated U937_vec cells was calculated using the ΔΔ^Ct^ method.[@cit0088] Results represent means + SEs from at least 3 independent experiments; all of these were also independent of the microarray experiments. In the absence of ATRA, *TGM2* mRNA levels were below the detection limit. Significance was calculated using Student\'s 2-tailed t-test (\*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001). Even though results for *GDF15* and *IL1B* were not significant due to variation in induction factors, the expression levels of all genes were reproducibly substantially higher in ATRA treated *EVI1* expressing cells as compared to all other conditions. Please note the differences in scale between the different panels.

Enhancement of the ATRA response of *GDF15* by EVI1 is not restricted to myeloid cells {#s0002-0002}
--------------------------------------------------------------------------------------

The gene whose regulation exhibited by far the most pronounced synergy between ATRA and EVI1 was *GDF15*, with EVI1 enhancement in the presence of ATRA as high as 185- and 85-fold in U937 and HL-60 cells, respectively ([**Fig. 3**](#f0003){ref-type="fig"}, **Fig. S1**). GDF15 is a member of the TGF-β superfamily of cytokines. It is processed from a precursor through proteolytic cleavage and secreted into the extracellular space as a disulfide linked homodimer.[@cit0064] To confirm the strongly synergistic regulation of GDF15 by ATRA and EVI1 at the protein level, U937_EVI1 and U937_vec cells were treated with ATRA or DMSO, and the precursor as well as the active form of GDF15 were quantified by immunoblot analysis. Low to undetectable amounts of either form were produced by U937_vec cells irrespective of treatment, as well as by DMSO treated U937_EVI1 cells, but strong signals were observed in, or in the culture supernatants of, U937_EVI1 cells exposed to ATRA ([**Fig. 4A**](#f0004){ref-type="fig"}). An ELISA corroborated the pronounced, EVI1 and ATRA dependent induction of secreted GDF15 ([**Fig. 4B**](#f0004){ref-type="fig"}). Figure 4.EVI1 and ATRA synergistically induce GDF15 protein in myeloid and in epithelial cells. (**A**) U937_vec and U937_EVI1 cells were treated with solvent or ATRA for 3 or 5 days, and the intracellular precursor and secreted mature forms of GDF15 were detected in whole cell extracts (day 3) and culture supernatants (day 5), respectively, by immunoblot analysis. Both forms are disulfide linked homodimers, and the corresponding 35 kDa and 15 kDa monomers are detected after reducing SDS-PAGE. (**B**) U937_vec and U937_EVI1 cells were treated with solvent or ATRA for 3 or 5 days, and mature GDF15 was detected in culture supernatants by ELISA. Results represent means + SEs from 3 independent experiments. Significance was calculated using Student\'s 2-tailed t-test (\*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001). (**C**) The nontumorigenic prostate epithelial cell line BPH-1 and its transformed derivative, BPH-1 CAFTD03, were subjected to immunoblot analysis to detect endogenous EVI1. (**D**) BPH-1 and BPH-1 CAFTD03 cells were treated with 1 or 2 μM ATRA for the indicated times, and intracellular GDF15 levels were determined by immunoblot analysis.

Because of the well documented role of GDF15 in solid tumors,[@cit0064] and because *EVI1* has been reported to be overexpressed in a variety of epithelial cancers,[@cit0013] we asked whether EVI1 and ATRA would also synergize to regulate the expression of this cytokine in epithelial cell lines. Immunoblot analysis showed that the nontumorigenic prostate epithelial cell line BPH-1 expressed low levels of EVI1, while its transformed derivative, BPH-1 CAFTD03, contained substantial amounts of this protein ([**Fig. 4C**](#f0004){ref-type="fig"}). Likewise, basal GDF15 levels were considerably higher in BPH-1 CAFTD03 than in parental cells. Furthermore, GDF15 was substantially induced in BPH-1 CAFTD03 cells as early as 8 h after addition of ATRA, whereas only a weak up-regulation was observed in BPH-1 cells after prolonged ATRA treatment ([**Fig. 4D**](#f0004){ref-type="fig"}). Since ATRA also induced the EVI1 protein in both cell lines (data not shown), the possibility has to be considered that ATRA acted through, rather than cooperating with, EVI1 to up-regulate GDF15. While such an effect may contribute to the induction of GDF15 in this system, it is unlikely to be solely responsible for it, because the strong elevation of GDF15 in BPH-1 CAFTD03 cells already 8 h after ATRA addition cannot readily be explained by a secondary effect. These results therefore suggest that EVI1 and ATRA cooperate to regulate *GDF15* not only in haematopoietic , but also in epithelial cells.

EVI1 enhances ATRA induced cell cycle arrest, differentiation, and apoptosis {#s0002-0003}
----------------------------------------------------------------------------

Because EVI1 modulated the regulation by ATRA of a substantial number of genes, and in fact enhanced, rather than counteracted, it in the large majority of cases (119/124 genes, i.e., 96%, in U937 cells; and 33/33 genes, 100%, in HL-60 cells), we next investigated whether EVI1 would also augment responses to ATRA at the cellular level. U937_EVI1 and U937_vec cells were seeded at equal densities and counted after treatment with ATRA or DMSO for several days. In agreement with our previous report,[@cit0030] expression of *EVI1* by itself did not significantly alter cell numbers in this experimental system. ATRA led to a substantial decrease in viable cell counts, as expected. Notably, this effect was significantly more pronounced in U937_EVI1 than in U937_vec cells, indicating that EVI1 cooperated with ATRA to decrease cellular proliferation ([**Fig. 5A**](#f0005){ref-type="fig"}). This could be due to an interplay between EVI1 and ATRA with regard to the regulation of cell cycle progression, and/or of apoptosis. To address the first possibility, nuclei from ATRA or solvent treated cells were stained with propidium iodide and their DNA content was determined by flow cytometry. In the absence of ATRA, expression of *EVI1* did not affect the cell cycle distribution of U937 cells, but in its presence it enhanced both the increase in the G~0~/G~1~ population and the decrease in the proportion of cells in S-phase ([**Fig. 5B**](#f0005){ref-type="fig"}; **Fig. S2A**). Similarly, EVI1 augmented the pro-apoptotic effects of ATRA as revealed by staining with Annexin V and 7AAD ([**Fig. 5C**](#f0005){ref-type="fig"}; **Fig. S2B**). Figure 5.EVI1 enhances ATRA induced cell cycle arrest and apoptosis in U937 cells. (**A**, **B**) U937_vec cells (white bars) and U937_EVI1 cells (black bars) were treated with solvent or ATRA and counted at the indicated time points (**A**), or subjected to cell cycle analysis by propidium iodide staining and flow cytometry on day 5 (**B**). (**C**) U937_vec and U937_EVI1 cells were treated with solvent or ATRA for 7 days, stained with Annexin V and 7AAD, and analyzed by flow cytometry. Double negative cells were classified as viable (white portions of bars), Annexin V positive 7AAD negative cells as early apoptotic (gray portions of bars), and double positive cells as late apoptotic/secondary necrotic (black portions of bars).[@cit0089] Results represent means + SEs from at least 3 independent experiments. Significance was calculated using Student\'s 2-tailed t-test (\*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001).

In HL-60 cells, expression of *Evi1* also significantly enhanced the effects of ATRA on apoptosis ([**Fig. 6A**](#f0006){ref-type="fig"}; **Fig. S3A**). To investigate whether Evi1 also augmented the well characterized differentiation response of HL-60 cells to ATRA,[@cit0067] ATRA or DMSO treated HL-60_Evi1 and HL-60_vec cells were stained with an antibody for the myeloid differentiation marker CD11b and analyzed by flow cytometry. ATRA increased the mean CD11b fluorescence intensity, and this effect was significantly more pronounced in HL-60_Evi1 than in HL-60_vec cells ([**Fig. 6B**](#f0006){ref-type="fig"}; **Fig. S3B**). Morphological analysis of Wright-stained cytospin preparations confirmed that Evi1 enhanced the ATRA induced differentiation of HL-60 cells ([**Fig. 6C**](#f0006){ref-type="fig"}). In summary, these data show that EVI1 enhances not only transcriptional, but also biological responses to ATRA in human myeloid cells. Figure 6.Evi1 enhances ATRA induced apoptosis and differentiation in HL-60 cells. (**A**) HL-60_vec and HL-60_Evi1 cells were treated with solvent or ATRA for 5 days, stained with Annexin V and 7AAD, and analyzed by flow cytometry. Double negative cells were classified as viable (white portions of bars), Annexin V positive 7AAD negative cells as early apoptotic (gray portions of bars), and double positive cells as late apoptotic/secondary necrotic (black portions of bars).[@cit0089] Results represent means +/- SEs of 8 independent experiments. (**B**) HL-60_vec cells (white bars) and HL-60_Evi1 cells (black bars) were treated with solvent or ATRA for 5 days, stained with PE-conjugated CD11b or isotype control antibodies, and subjected to flow cytometry. Results are expressed as the means of the PE fluorescence of CD11b stainings relative to that of the respective isotype controls and to untreated HL-60_vec cells, and represent the means + SEs of 7 independent experiments. Significance was calculated using Student\'s 2-tailed t-test (\*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001). (**C**) Wright stained cytospin preparations of HL-60_vec and HL-60_Evi1 cells treated with solvent or ATRA for 5 d.

Knockdown of GDF15 counteracts the enhancing effect of EVI1 on ATRA induced cell cycle arrest {#s0002-0004}
---------------------------------------------------------------------------------------------

GDF15 has been reported to slow cell cycle progression and enhance apoptosis in various tumor cell lines.[@cit0064] To ask whether it also played a role in the enhancement of the biological effects of ATRA by EVI1, U937_EVI1 and U937_vec cells were infected with retroviral vectors containing shRNAs against *GDF15* (shGDF15-1, shGDF15-2) or against renilla luciferase as a control (shRen), and sorted for positivity for the vector encoded marker protein mCherry. qRT-PCR, immunoblot analysis, and ELISA confirmed a strong reduction of GDF15 mRNA and protein levels in ATRA treated U937_EVI1_shGDF15-1 and U937_EVI1_shGDF15-2 cells compared to U937_EVI1_shRen cells ([**Fig. 7A--C**](#f0007){ref-type="fig"}). Cell cycle analysis revealed that experimental down-regulation of GDF15 indeed counteracted the reinforcing effect of EVI1 on the ATRA induced increase and decrease in the G~0~/G~1~ and S phase populations, respectively ([**Fig. 7D**](#f0007){ref-type="fig"}). Figure 7.Experimental down-regulation of GDF15 counteracts EVI1 enhancement of the ATRA induced cell cycle arrest. (**A**) U937_vec and U937_EVI1 cells infected with a control shRNA targeting Renilla luciferase (shRen) or shRNAs against *GDF15* (shGDF15-1, shGDF15-2) were treated with solvent or ATRA for 24 h, and GDF15 mRNA levels were measured by qRT-PCR. *GDF15* expression was normalized to that of *B2M* using the ΔΔ^Ct^ method[@cit0088] and ATRA treated U937_EVI1_shRen cells as a calibrator. Results represent means + SEs from 3 independent experiments. (**B**) U937_vec and U937_EVI1 cells containing shRen, shGDF15-1, or shGDF15-2 were treated with solvent or ATRA for 5 days, and the GDF15 precursor was detected by immunoblot analysis. α-tubulin was used as a loading control. (**C**) U937_vec and U937_EVI1 cells containing shRen, shGDF15-1, or shGDF15-2 were treated with solvent or ATRA for 5 days, and mature GDF15 was detected in culture supernatants by ELISA. Results represent means + SEs from 5 independent experiments. Due to variation in factors results were not significant, but the enhancement of the ATRA induction by EVI1 in shRen infected cells, as well as the knockdown of GDF15 by both shRNAs were consistently seen in all experiments. (**D**) U937_vec and U937_EVI1 cells containing shRen, shGDF15-1, or shGDF15-2 were treated with solvent or ATRA for 5 d and subjected to cell cycle analysis by propidium iodide staining and flow cytometry. Results represent means + SEs from 7 independent experiments. Significance was calculated using Student\'s 2-tailed t-test (\*, *P* \< 0.05; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001; ns, not significant).

Discussion {#s0003}
==========

Based on previous data showing that EVI1 enhanced the ATRA induction of the *RARβ* gene, but inhibited the induction of its own promoter by this agent,[@cit0050] the present study addressed the questions whether EVI1 modulated transcriptional regulation by ATRA on a more general scale, and whether it also affected biological responses to ATRA. Microarray based genome wide gene expression analyses using 2 different human myeloid cell lines revealed that indeed several dozens of genes fulfilled the stringent criteria applied to define modulation of the ATRA response by EVI1. Notably, EVI1 augmented, rather than counteracted, the ATRA regulation of the large majority of these genes: a positive regulatory interaction between EVI1 and ATRA was observed for 119/124 (96%) and 33/33 (100%) genes with an EVI1 modulated ATRA response in U937 and HL-60 cells, respectively. Of ten genes that exhibited comparable expression patterns in both cell lines, *GDF15* displayed the most pronounced synergy between EVI1 and ATRA, with EVI1-dependent differences of the levels of its mRNA in the presence of ATRA around 100-fold. GDF15 is a member of the TGF-β superfamily of cytokines and is secreted into the extracellular space as a disulfide linked homodimer. It has been implicated in numerous pathological processes, including inflammation, atherosclerosis, and cancer.[@cit0064] It was induced by non-steroidal anti-inflammatory drugs (NSAIDs) and by p53, mediated cell cycle arrest and apoptosis of cancer cell lines *in vitro*, and reduced tumor growth *in vivo*. However, as with other members of the TGF-β family, there is evidence to suggest that GDF15 turns from a tumor suppressor to a tumor promoter in the course of carcinogenesis.[@cit0064] The data presented in this report imply EVI1, a developmental regulator and an oncogene involved in a variety of tumors,[@cit0002] and ATRA as novel regulators of GDF15 in both haematopoietic and epithelial cells, and show that GDF15 is required for the reinforcing effect of EVI1 on ATRA induced cell cycle arrest. In addition to providing new information about the regulation and function of this clinically highly relevant cytokine, these results suggest that cooperative interactions between EVI1 and ATRA are not restricted to haematopoietic cells. Observations that EVI1 enhanced the ATRA induction of a RARE-driven reporter gene in NTERA-2 human teratocarcinoma cells[@cit0050] and in MCF7 breast cancer cells (BS, unpublished observations) further support the conclusion that EVI1 is able to modulate gene regulation in response to ATRA not only in myeloid cells, but in a variety of different cell types.

Functional interactions between EVI1 and other sequence specific transcription factors, e.g., RUNX1/AML1,[@cit0045] PU.1,[@cit0046] GATA1,[@cit0044] SMAD3,[@cit0047] and FOS[@cit0042] have been reported previously. Interestingly, EVI1 inhibited the function of almost all of these factors, and a cooperative relationship, as observed here with respect to ATRA regulated transcription, was proposed only in the case of FOS.[@cit0042]

Of the numerous transcription factors that have been shown to interact with the retinoic acid receptors, STAT5 and MN1 may be considered as particularly interesting in the context of AML. Constitutive activation of STAT5 was observed in a large proportion of patients with AML, may contribute to its pathobiology in several ways, and has recently been proposed to be associated with shortened survival.[@cit0071] Through mechanisms that were not fully elucidated but may involve increased DNA binding by the RAR/RXR heterodimer, IL-3, acting via STAT5, augmented the ATRA induction of a reporter gene driven by the *RAR*β RARE in haematopoietic cells.[@cit0074]

High mRNA levels of *MN1*, which codes for a transcriptional regulator,[@cit0075] were associated with a poor prognosis in patients with cytogenetically normal AML.[@cit0076] MN1 synergized with ATRA to induce transcription from a retroviral long-terminal repeat sequence,[@cit0075] but when the effects of MN1 on ATRA regulated transcription were investigated on a genome wide scale, comparable numbers of genes exhibited an ATRA response that was augmented or counteracted by MN1, respectively.[@cit0078] Experimental expression of *MN1* in murine bone marrow cells strongly diminished the proliferation inhibiting and differentiation promoting effects of ATRA.[@cit0079] Accordingly, only patients with low, but not those with high, *MN1* expression benefitted from the addition of ATRA to antileukemic therapy in one study,[@cit0079] albeit this was not confirmed in an independent trial.[@cit0061]

In contrast to MN1, which mostly inhibited the actions of ATRA, the data presented in this report show that EVI1 not only augmented transcriptional responses to this agent, but also enhanced several of its biological effects in human myeloid cells. Since EVI1 reinforced ATRA regulated gene expression in non-haematopoietic cell types as well, it will be of interest to determine whether it also cooperates with this agent in more of the numerous biological processes controlled by it. Furthermore, our results have potential clinical ramifications: the finding that EVI1 enhanced the effects of ATRA on the proliferation, differentiation, and apoptosis of myeloid cells raises the possibility that AML patients overexpressing *EVI1*, who have a poor prognosis under current therapeutic regimens,[@cit0002] may benefit from the addition of ATRA to chemotherapy. Because *EVI1* mRNA levels are elevated only in around 10% of patients with AML, large clinical trials will be required to address this question in an informative manner.

A second context in which the property of EVI1 to enhance responsiveness to ATRA may be of relevance is that of APL. The inclusion of ATRA, which promotes APL blast differentiation, into the therapeutic regimen has greatly improved the prognosis of patients suffering from this subtype of AML.[@cit0060] Even though by far outweighed by its benefits, ATRA treatment also carries the risk of a specific and potentially life-threatening complication, differentiation syndrome (DS). DS occurs in about 20---25% of APL patients, yet few if any risk factors have been non-controversially defined.[@cit0080] Pulmonary infiltration by maturing APL blasts plays a major role in DS pathogenesis,[@cit0080] and required the action of ATRA on both the infiltrated tissue and the APL cells themselves in a mouse model.[@cit0082] Interestingly, *EVI1* was upregulated during ATRA therapy in human APL patients[@cit0083] (and BS, unpublished results), raising the possibility that it may augment the therapeutic effects of this agent. Alternatively or additionally, EVI1 may cooperate with ATRA to evoke DS. Future studies will address the potential beneficial or deleterious roles of *EVI1* in APL.

Materials and Methods {#s0004}
=====================

Cell culture, retroviral infections, and ATRA treatment {#s0004-0001}
-------------------------------------------------------

The human myeloid cell lines U937 and HL-60 and their derivatives were grown in RPMI medium (Life Technologies) containing 10% (v/v) Fetal Bovine Serum (FBS, Life Technologies) and 1x Penicillin-Streptomycin-Glutamine (PSG, Life Technologies). The human prostate epithelial cell lines BPH-1 and BPH-1 CAFTD03 were cultured in RPMI medium with 5% FBS and 1x PSG.[@cit0084] Phoenix cells were grown in DMEM medium (Life Technologies) with 10% FBS and 1x PSG.

U937_EVI1 cells, which constitutively overexpress *EVI1* through insertion of the retroviral vector pBMN-EVI1-IRES-GFP, and the respective empty vector control cells, U937_vec, have been described previously.[@cit0030] EVI1 levels in U937_EVI1 cells are comparable to those in HNT-34 cells, which express high amounts of endogenous EVI1 due to a rearrangement of its gene locus in chromosome band 3q26.[@cit0086]

For overexpression of *Evi1* in HL-60 cells, a codon optimized version of murine *Evi1* (mco*Evi1*, whose product is 93% identical and 96% similar to human EVI1; kind gift of Jean-Yves-Metais, NHLBI, NIH) was cloned into pBMN-IRES-GFP (Addgene) using the BamHI and EcoRI restriction sites to yield pBMN-mcoEvi1-IRES-GFP. To increase the infection efficiency with this vector, HL-60 cells were first transduced with a vector driving expression of the ecotropic receptor EcoR, pEcoR-IRES-lyt2 (kindly provided by Herbert Strobl, Institute of Immunology, Medical University of Vienna). Lyt2-positive, EcoR expressing HL-60 cells (HL-60e) were then infected with pBMN-mcoEvi1-IRES-GFP or empty vector and sorted for green fluorescent protein (GFP) positivity. Because Evi1 expression in this system declined over time (data not shown), cells were used for experiments only within a period of 15 d after each transduction.

Experimental downregulation of GDF15 in U937_vec and U937_EVI1 cells was achieved by infection with LEPC based vectors[@cit0087] containing shRNAs directed against the human GDF15 gene (shGDF15-1, TGCTGTTGACAGTGAGCGCGGAACTGTGTATTTATTTAAATAGTGAAGCCACAGATGTATTTAAATAAATACACAGTTCCATGCCTACTGCCTCGGA, and shGDF15-2, TGCTGTTGACAGTGAGCGCTCCCATGGTGCTCATTCAAAATAGTGAAGCCACAGATGTATTTTGAATGAGCACCATGGGATTGCCTACTGCCTCGGA; Mirimus). An shRNA directed against renilla luciferase (shRen, TGCTGTTGACAGTGAGCGCAGGAATTATAATGCTTATCTATAGTGAAGCCACAGATGTATAGATAAGCATTATAATTCCTATGCCTACTGCCTCGGA; Mirimus) was used as a control. Successfully infected cells were sorted based on positivity for the vector encoded mCherry marker protein.

Retroviral infections were carried out using standard procedures (<http://www.stanford.edu/group/nolan/retroviral_systems/phx.html>) and Phoenix-gp cells as producer line for transduction of HL-60, U937_EVI1, and U937_vec cells. HL-60e cells were infected with virus produced from Phoenix-Eco cells. Cell sorting was performed on a Beckman Coulter MoFloAstrios using Summit V6.1 software.

Logarithmically growing cells were treated with 1 or 2 μM ATRA (Sigma; 10 mM stock in dimethyl sulfoxide, DMSO) or corresponding amounts of DMSO for 8 h to 7 days, as indicated. If treatment periods exceeded 3 days, DMSO treated cells were diluted as necessary to avoid saturation.

RNA extraction and microarray analyses {#s0004-0002}
--------------------------------------

For microarray analyses, 3 logarithmically growing biological replicate cultures of U937 or HL-60 cells with or without ectopic expression of *EVI1* were treated with ATRA or solvent for 24 h. RNA was prepared using QIAshredder homogenizers, the RNeasy Mini Kit, and the RNase free DNase set (all from Qiagen) according to the manufacturer\'s instructions. Samples were further processed and hybridized to GeneChip Genome U133 Plus 2.0 arrays (Affymetrix) by a service provider (KFB, Regensburg, Germany). For primary data analysis, the robust multi-array average (RMA) algorithm was used. Statistical analysis was performed using the software package R, including the *limma* package for the identification of differentially expressed genes. Genes were considered to be regulated by ATRA or EVI1 if they were differentially expressed between the relevant samples at a false discovery rate (FDR)[@cit0063] of \<0 .05. To identify genes whose regulation by ATRA was modified by EVI1, the following relations between samples were defined: the fold-change (FC) between samples not expressing ectopic EVI1 and treated with ATRA or solvent was termed ATRA regulation (Ar); the FC between solvent treated cells expressing or not expressing EVI1 was termed EVI1 regulation (Er); and the FC between ATRA treated cells expressing or not expressing *EVI1* was termed EVI1 modulation (Em). Based on these relations, 4 categories of genes whose ATRA regulation was modified at least 2-fold by EVI1 were defined. Category 1 contained genes whose induction by ATRA was enhanced by, or observed only in the presence of, EVI1. Genes in this category were not repressed by ATRA (logFC~Ar~ ≥0 ), their expression was positively modulated at least 2-fold by EVI1 in a statistically significant manner (logFC~Em~ ≥1 at *P* \< 0.05), and their modulation by EVI1 in the presence of ATRA was at least the square of their regulation by EVI1 in the absence of ATRA (logFC~Em~ ≥2 \*logFC~Er~). Category 2 contained genes whose repression by ATRA was counteracted by EVI1. These genes were significantly repressed by ATRA by at least 2-fold (logFC~Ar~ ≤−1 at *P* \< 0.05) and significantly increased by EVI1 in the presence of ATRA by at least 2-fold (logFC~Em~ ≥1 at *P* \< 0.05). In addition, the increase by EVI1 in the presence of ATRA was at least the square of the induction by EVI1 in the absence of ATRA (logFC~Em~ ≥2 \*logFC~Er~). Category 3 was composed of genes whose significant, at least 2-fold induction by ATRA was counteracted by EVI1 in a manner analogous to that described for category 2: logFC~Ar~ ≥1 at *P* \< 0.05 and logFC~Em~ ≤−1 at *P* \< 0.05 and logFC~Em~ ≤2 \*logFC~Er~. Category 4 comprised genes whose repression by ATRA was enhanced by, or was observed only in the presence of, EVI1: logFC~Ar~ ≤0 and logFC~Em~ ≤−1 at *P* \< 0.05 and logFC~Em~ ≤2 \*logFC~Er~.

Quantitative real-time reverse transcriptase PCR (qRT-PCR) {#s0004-0003}
----------------------------------------------------------

To confirm the gene expression patterns observed on the arrays, and to assess the efficacy of the GDF15 knockdown, cells were cultured in the same manner as described in the previous section in at least 3 independent experiments. RNA for qRT-PCR was extracted using Trizol reagent (Life Technologies) according to the manufacturer\'s instructions. cDNA synthesis was performed using M-MLV reverse transcriptase and random hexamer primers (both from Life Technologies). qRT-PCR was carried out with TaqMan Gene Expression Mastermix (Life Technologies) and TaqMan Gene Expression Assays (*AGPAT9*: Hs00262010_m1, *APOBEC3G*: Hs00222415_m1, β*-2- microglobulin* (*B2M*): 4333766F, *BPI*: Hs01552756_m1, *CCRL2*: Hs00243702_s1, *EGR3*: Hs00231780_m1, *GDF15*: Hs00171132_m1, *LILRB2*: Hs01629548_s1, *IL1B*: Hs01555410_m1, *P2RY13*: Hs03043902_s1, *TGM2*: Hs00190278_m1; Life Technologies) on a StepOnePlus Real Time PCR system (Applied Biosystems), and analyzed using the ΔΔ^Ct^ method,[@cit0088] with normalization to the housekeeping gene *B2M*.

Immunoblot analysis {#s0004-0004}
-------------------

Protein extracts were prepared by boiling cells in 2x sample buffer (125 mM Tris-HCl pH 6.8, 4% (w/v) SDS, 22% (v/v) Glycerol, 0.1 mM EDTA, 0.5% (v/v) ß-mercaptoethanol, bromophenol blue). Alternatively, cells were lysed in RIPA buffer (50 mM Tris-HCl pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, protease inhibitors (Serva) and phosphatase inhibitor cocktail set II (Merck)), protein concentrations determined using a detergent-compatible protein assay (Bio-Rad), and cell lysates diluted to the same concentrations mixed with 3x SDS loading buffer (150 mM Tris-HCl pH 6.8, 3% SDS, 0.03% bromophenol blue, 30% glycerol, 3% β-mercaptoethanol). Conditioned media was concentrated 20-fold by centrifugation (12 000 g, 10 min, 4°C) through filter units (UFC800396, 5k, MWCO, Millipore) prior to addition of 3x SDS loading buffer. Protein samples were incubated at 95°C for 5 min, separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and blotted onto PVDF membranes (Pall Corporation or Millipore) using standard procedures.

Antibody hybridizations were performed in 1% or 5% skim milk in Tris-Buffered Saline/0.1% (v/v) Tween-20 (TBST). Antibodies against EVI1 (C50E12, Cell Signaling), GDF15 (07--217, Millipore), β-tubulin (TUB 2.1, Sigma), and α-tubulin (T9026, Sigma) were used at concentrations of 1:1,000, 1:1,000, 1:2,500, and 1:4,000, respectively. Horseradish peroxidase (HRP) conjugated secondary antibodies goat anti-rabbit IgG (111035008, Jackson ImmunoResearch), goat anti-mouse IgG (115035008, Jackson ImmunoResearch), donkey anti-rabbit IgG (NA934, GE Healthcare), and sheep anti-mouse IgG1 (NA931, Amersham) were diluted 1:50,000, 1:50,000, 1:3,000, and 1:4,000, respectively. Signals were detected using SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) or Immobilon Western HRP Substrate (Millipore), and visualized on X--ray films (Agfa or GE Healthcare). Equal loading of cell culture supernatants was verified by non-specific amidoblack stain.

Intranuclear staining of EVI1 {#s0004-0005}
-----------------------------

For intranuclear staining of EVI1, 1.5×10^6^ exponentially growing cells per sample were harvested and blocked with 1% (w/v) bovine serum albumin (BSA; Sigma) and 1.25% (v/v) Beriglobin (CSL-Behring) in phosphate buffered saline (PBS) for 15 min on ice. Cells were fixed and permeabilized by incubation in 1 ml 2% (w/v) paraformaldehyde (Sigma) in PBS for 10 min at 37°C, followed by dropwise addition of 9 ml of ice cold methanol. Samples were blocked again, split into 3 aliquots that were incubated with 10 ng of EVI1 antibody (C50E10, Cell Signaling), isotype control antibody (DA1E, Cell Signaling), or no antibody, respectively, and stained with 20 ng of Alexa Fluor 647 conjugated goat anti rabbit antibody (A-21246, Life Technologies). All antibody incubations were carried out in 60 μl of 1% (w/v) BSA in PBS for 1 h on ice. Each step of the protocol was followed by a washing step with either PBS (before fixation) or wash buffer (1% (w/v) BSA in PBS; after fixation). Data acquisition and analysis was performed on a LSR Fortessa using FACSDiva software (BD Biosciences).

Enzyme-linked immunosorbent assay (ELISA) {#s0004-0006}
-----------------------------------------

Quantification of GDF15 in cell culture supernatants was accomplished using a commercially available ELISA kit (DY957, R&D Systems) according to the manufacturer\'s instructions. Supernatants were supplemented with protease inhibitor cocktail (cOmplete, Roche) and serially diluted down to 1:25 or 1:100 to obtain values within the linear range of the assay. Samples from at least 3 independent experiments were analyzed in technical duplicate. Results represent means + standard errors of concentrations in pg/ml normalized to 1 × 10^6^ cells.

Analysis of proliferation, cell cycle distribution, apoptosis, and differentiation {#s0004-0007}
----------------------------------------------------------------------------------

For proliferation, cell cycle, apoptosis, and differentiation experiments, exponentially growing cells were seeded at a density of 1×10^5^ cells per ml and treated with 1 μM ATRA or the corresponding amount of DMSO for 5-7 d as indicated. Cell numbers were determined using a Casy Counter (Roche). For cell cycle analysis, 5×10^5^ cells per sample were harvested, washed, resuspended in 1 ml of 0.5% (v/v) Tween-20 in 0.5 M citric acid, and passed 3 times through an 18 G injection needle. The isolated nuclei were pelleted and stained by incubation with 0.05 mg/ml propidium iodide and 0.1 mg/ml RNase in PBS. Apoptosis was analyzed by labeling 2×10^5^ cells per sample with Annexin V and 7AAD using the Annexin V-APC Kit (BD Biosciences) according to the manufacturer\'s instructions. Cells were classified as viable (Annexin V-/7AAD-), apoptotic (Annexin V + /7AAD-) and late apoptotic/secondary necrotic (Annexin V + /7AAD+) as described.[@cit0089] To stain for the differentiation marker CD11b, 5×10^5^ cells per sample were washed with PBS and incubated with 1.1 μl PE conjugated CD11b (D12, BD Biosciences) or isotype control (Mouse IgG2a,κ, X39, BD Biosciences) antibody in 110 μl PBS for 30 min on ice. Flow cytometric analyses were carried out on an LSR Fortessa SORP using FACSDiva software (BD Biosciences). Cell cycle distribution was quantitatively evaluated using ModFit LT software (Verity Software House). Morphological analysis was performed on cells that had been applied to glass slides using cytospin centrifugation and stained according to a modified Wright procedure.
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